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Summary:
To ascertain the tempo of progression to irre versible injury in focal ischemia, we subjected halothane anesthetized Sprague-Dawley rats to photochemically in duced distal middle cerebral artery occlusion (dMCAO) combined with permanent ipsilateral and 1 h contralateral common carotid artery occlusions. Head temperature was maintained at 36°C. At times centered at either 1.5 or 3 h post-dMCAO, the rate of local glucose metabolism (lCMRgl) was measured by 2-deoxyglucose autoradiogra phy, and cytoskeletal proteolysis was assessed regionally by an immunoblotting procedure to detect spectrin break down products. At 1.5 h (n = 5), the cortical ischemic core was already severely hypometabolic (lCMRg1 15.5 ::t 10.8 J.l.moll00 g-I min -I, mean ::t SD), whereas the cor tical penumbral zone was hypermetabolic (69.0 ::t 9.7). (The lumped constant was verified to be unchanged by methylglucose studies.) Neutral red pH studies at this time point showed that both the core and penumbral Experimental successes in elucidating the patho physiology of cerebral ischemia and in developing effective strategies to reduce ischemic injury have made it incumbent to understand the time frame within which tissue progression to irreversible in jury occurs. Recent interest in this regard has fo cused on the means of defining and characterizing zones were equally acidotic. By 3 h post-dMCAO (n = 6), ICMRgI in the penumbral zone had fallen to low levels (15.4 ::t 2.2 J.l.mol 100 g-I min-I) equal to those of the ischemic core (16.7 ::t 4.5). Correspondingly, spectrin breakdown in the ischemic core was advanced at both 2 and 3.5 h post-dMCAO (36 ::t 18% and 33 ::t 18% of total spectrin, respectively), whereas in the penumbral zone spectrin breakdown was less extensive and more highly variable at both times (22 ::t 23% and 29 ::t 16%). We conclude that irreversible deterioration of the ischemic core, as evidenced by the onset of local cytoskeletal pro teolysis, begins within 2 h of middle cerebral artery oc clusion. In the ischemic penumbra, the transition from glucose hyper-to hypometabolism occurs by 3.5 h and is associated with a milder and more variable degree of spectrin breakdown. Key Words: 2-Deoxyglucose Spectrin-Calpain-Middle cerebral artery occlusion Photothrombosis-Neutral red.
the so-called therapeutic window for the treatment of ischemic stroke (see Ginsberg, 1994 for review) . While histopathological methods are capable of unequivocally delineating irreversible ischemic changes, these methods have limited value in char acterizing the therapeutic window since the mor phologic expression of injury may lag behind the actual biochemical/metabolic processes that deter mine cell death. By contrast, autoradiographic or positron-emission tomographic markers of local metabolism and hemodynamics, because they pro vide an on-line signal of tissue status, appear to be more useful in gauging the evolution toward irre versible injury (Heiss, 1994) .
The purpose of this study was to explore the evo lution of local tissue injury in a reproducible model of permanent dMCAO (Markgraf et aI. , 1993; Yao et aI., 1993) using 2-deoxyglucose autoradiography in conjunction with the regional assessment of spec trin breakdown. Spectrin (fodrin) is a major struc tural protein of the neuronal cytoskeleton and a pre ferred substrate for the calcium-activated cysteine protease calpain I (mu-calpain) (Siman et aI., 1984) . Calpain activation has been linked to neuronal de generation in a number of pathological states, in cluding cerebral ischemia (Arai et aI., 199 1; Bartus et aI. , 1994; Cavanaugh et aI., 1992; lnuzuka et aI., 1990; Lee et aI., 199 1; Seubert et aI., 1989) . Our results support the concept of a narrow therapeutic window for intervention in focal ischemia by reveal ing that spectrin breakdown is already advanced in the hypometabolic ischemic core by 1.5-2 h follow ing MCA occlusion. These results have been re ported in part in summary form (Ginsberg et aI., 1994; Ginsberg et aI., 1993) .
MATERIALS AND METHODS

Surgical preparation
Nineteen male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA, U.S.A.), weighing 305-440 g, which had been food-deprived overnight, were anesthetized with halothane (3% for induction, 1.5% via face-mask during surgical preparation, 0.75% after intu bation, and 0.5% for maintenance) in a mixture of 70% nitrous oxide and a balance of oxygen. Femoral arteries and veins were cannulated bilaterally with PE 50 tubing. Common carotid arteries were exposed through a ventral midline incision in the neck and loosely encircled with a length of PE 10 tubing fitted within double-barreled Silas tic tubing for later ligation. Rats were intubated endotra cheally with PE 240 tubing. Pancuronium bromide (0.3 mg) was injected intravenously, with additional doses of 0.1 mg administered every 30 min, and animals were me chanically ventilated.
Rats were mounted on a stereotactic headholder in the prone position, and a 3 cm vertical incision was made midway between the right orbit and the right external auditory canal; the temporalis muscle was separated and retracted to expose the zygoma and squamosal bones. Under an operating microscope (Model 50T, Carl Zeiss, Thornwood, NY, U.S.A.), a burr hole 3 mm in diameter was made with a high-speed drill 1 mm rostral to the anterior junction of the zygoma and squamosal bones, revealing the distal segment of the MCA above the rhinal fissure. A thin bone layer was preserved to prevent injury to the brain and was carefully removed with forceps. The dura was thereby left intact.
Arterial blood pressure was continuously monitored with a pressure transducer and a Gould 2400 polygraph recorder. Blood gases and plasma glucose concentrations were measured before and after dMCAO. Rectal temper ature was monitored by means of a thermistor probe in serted 5 cm into the anal canal and maintained by a ther mostatically regulated heat lamp (60 W) placed 10 cm above the body of the rat. A thermocouple probe (CN 9000, Omega, Stamford, CT, U.S.A.), calibrated against a mercury thermometer, was introduced beneath the skin in contact with the right side of the skull. Head temper ature was thermostatically regulated between 35.5 and 36SC by means of another warming lamp (75 W) posi tioned 15-18 cm from the head, beginning at least 30 min before dMCAO and continuing until 10 min before in situ brain freezing.
Photochemically induced dMCA thrombosis
After the MCA was exposed, thrombotic occlusion of the dMCA was produced photochemically (Watson et aI., 1985) as described previously (Markgraf et aI., 1993; Yao et aI., 1993) . Briefly, an argon laser-activated dye laser operating at 562 nm (lnnova 70-4/CR599; Coherent, Palo Alto, CA, U.S.A.) was used to irradiate the dMCA at a distributed power of 20 mW. The single laser beam was separated by a Ronchi ruling into two first-order beams of 4.5 mW each and a zero-order beam of 11 mW. Each beam was separately positioned by a mirror onto a des ignated point on the dMCA, with the zero-order beam placed most proximally. The photosensitizing dye rose bengal (15 mg/ml in 0.9% saline, 20 mg/kg body weight) was administered intravenously over 90 sec starting si multaneously with the 3-min laser irradiation. Following dMCAO, the common carotid arteries were occluded bi laterally by tightening the snare ligatures. The ipsilateral (right) common carotid artery was occluded permanently and the contralateral common carotid artery for 1 h.
Experimental groups
Two groups of rats were subjected to dMCAO and re ceived infusions of 2-deoxyglucose (DG) (as described below) at either 1.25 h (the "early group") or 2.75 h (the "late group") after dMCAO. These studies were termi nated by in situ brain freezing 45 min after DG infusion so that the total durations of ischemia in these groups were 2 and 3.5 h, respectively. The nominal DG study times (by which these groups are designated below) were taken to be at the approximate temporal "centroid" of DG up take 15 min following DG infusion, i.e., at 1.5 and 3 h following dMCAO, respectively. A control (sham occlusion) animal group received all preparatory steps and was given laser irradiation of the dMCA but without rose bengal infusion and without occlusion of the com mon carotid arteries. These animals received an infusion of DG for an autoradiographic study of local cerebral glu cose utilization at 2 h following sham MCA occlusion.
DG autoradiography
The rate of local cerebral glucose utilization (lCMRgl) was measured at the time points described above by DG autoradiography (Sokoloff et aI., 1977) . 14C-2-deoxy glucose (20 fLCi) was infused as an intravenous bolus, and multiple arterial samples were obtained for plasma 14C_ DG and glucose measurements over the next 45 min. At the end of the study, a bottomless cup was affixed to the skull, and the brain was frozen transcalvarially by the application of liquid nitrogen. The frozen head was sec tioned by a band saw under liquid nitrogen irrigation, and the brain was removed and stored in liquid nitrogen until the next morning. It was then cut in a refrigerated glove box at -30°C to produce three standard coronal blocks encompassing forebrain levels of anterior striatum to ven tral hippocampus. The anterior face of the posterior block and the posterior face of the anterior block were used for autoradiographic and pH studies. As 20 fLm thick cryostat sections were prepared for autoradiography, color-slide photographs were made of the block face for neutral red pH assessment, as described below. Cryostat sections were placed on coverslips, dried, and exposed to film (Amersham Hyperfilm Bmax; Arlington Heights, IL, U.S.A.) for 10 days, together with precalibrated methyl methacrylate standards. Films were digitized on a drum densitometer (Optronics C-4100), and autoradiograms were displayed in units of interest by using the published equations of the DG model (Savaki et aI., 1980; Sokoloff et aI., 1977) . Measurements of lCMRgl were performed by interactive region-of-interest routines developed in our laboratory, utilizing a square cursor of user-adjustable size positioned over structures of interest at the coronal levels of the mid-striatum and dorsal hippocampus.
Methylglucose studies
In four additional rats, the lumped constant of the DG model was evaluated under the ischemic conditions of this study. For this purpose, 14C-methylglucose (50 jJ.Ci dissolved in 1.5 ml saline) was infused intravenously in a programmed fashion (Greenberg et aI., 1992) to produce a step change in the plasma concentration of methylglu cose. Arterial blood samples were withdrawn initially at 30 sec intervals and later at 10 min intervals. Plasma sam ples were assayed for 14C-methylglucose and for glucose. At 45 min following the obtaining of steady-state plasma 14C-methylglucose levels, the brain was frozen in situ and then removed (as described above for DG). Autoradio grams were prepared as described above and analyzed for local 14C-methylglucose activity (Dienel et aI., 1991) . In two rats, the 14C-methylglucose study was begun 1.25 h following dMCAO and in the other two at 2.75 h.
Intracellular pH
To identify regions of local intracellular acidosis, the pH indicator dye neutral red (toluylene red chloride; 3amino-m-dimethylamino-2-methylphenazine hydrochlo ride, CI 50040; Sigma, St. Louis, MO, U.S.A.) was in fused intravenously over 30 min (2.5 ml of a 2% solution) (LaManna, 1987; LaManna et aI., 1992) . After completion of the infusion, 30 min was allowed to elapse before dMCAO. In rats of the late group, in which in situ freez ing of the brain was carried out 3.5 h post-dMCAO, a booster dose of neutral red (1.25 m!) was administered 1 h prior to freezing.
During subsequent cryostat sectioning of these brains for DG autoradiography, the face of the coronal block was photographed in the cryostat at -20°C with Fuji chrome 50 Ve1via 35-mm color transparency film. These films were imaged via a video camera (model SIT 68; Dage MTl, Michigan City, IN, U.S.A.) and initially pro- 1995 cessed through an analog processor (model DSP 100; Dage). Interference bandpass filters at 450 and 550 nm were alternatively placed between the light source of the viewing microscope and the photographic slide to obtain images at the peak absorbance wavelengths of the acidic and basic forms of neutral red. A ratio image proportional to intracellular pH was then calculated and analyzed. Im ages were captured using NIH Image software (v1.35; Washington, DC, U.S.A.) and processed using a digital image-processing station (Hyden Image Processing Group, Boulder, CO, U.S.A.) on a Macintosh IIci com puter.
Analysis of regional spectrin breakdown
From the middle coronal brain block, six samples, each weighing approximately lO mg, were dissected from the regions shown in Fig. 1 by means of an 18-gauge thin walled hypodermic needle in a glove-box at -20°C. Calpain I-mediated breakdown of spectrin was measured by quantitative densitometry of the calpain-specific 150/ 155-kDa spectrin fragment doublet (Seubert et aI., 1988) . Polyclonal antisera were prepared by immunization of rabbits with rat brain spectrin purified according to Ben nett et al. (1986) .
Samples were homogenized in ice-cold dissection buffer (0.32 M sucrose, 10 mM Tris-HC!, 2 mM EDTA, 1 mM EGTA, lOO jJ.M leupeptin, 20 jJ.g/ml L-l-tosylamido-2-phenylethyl chloromethyl ketone, pH 7.4), added to one-half volume SDS/PAGE buffer (10 mM Tris, pH 8.0, 6% SDS, 20% glycerol, 10% 2-mercaptoethanol) and boiled for 5 min. Equal amounts of protein were electro phoresed on 4-12% gradient polyacrylamide gels (Novex) and transferred to nitrocellulose by electroblotting. Ni trocellulose filters were blocked for lO min in 0.5% gela tin, 2% bovine serum albumin (Sigma), 0.9% NaC!, and 5 mM sodium phosphate, pH 7.5, and then incubated over night with antibody to rat brain spectrin in a buffer con taining lO mMTris, pH 7.5, 0.9% NaCI, and 0.15% Triton X-lOO (buffer A). Filters were washed in buffer A without Triton X-lOO, then incubated in buffer A containing alka line phosphatase-conjugated anti-rabbit antibody (Bio Rad, Richmond, CA, U.S.A.) for 4 h. Filters were washed as above and developed using the BioRad conju gate substrate kit (5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium in a diethanolamine buffer, pH ca. 10, lO mM MgCI2). Quantitative densitometry was used to determine the amount of intact spectrin and 150/ 155-kDa spectrin breakdown products (SBPs).
Statistical analysis
Data are presented as mean values ± SD. Differences in physiological variables, lCMRgl, and SBPs among the three groups were analyzed by an analysis of variance followed by unpaired t tests. The Bonferroni principle was used to correct for multiple comparisons, with the level of significance set at p < 0.0125. Because of a hy pothesized unidirectional change in SBPs in the ischemic rats (i.e., dMCAO was assumed not to decrease but only to increase SBPs), one-tailed comparisons were used for statistical analysis of changes in SBPs between the con trol and ischemic groups. Two-tailed comparisons were used for the statistical analysis of ICMRgl. The relation ship between lCMRgl and SBPs was evaluated by linear regression analysis; p < 0.05 was considered to be signif icant. Table 1 presents physiological variables in the various animal groups of this study. Mean values of blood pressure after neutral red infusion were slightly lower than those of our previous study in this same model (Yao et aI., 1993) but gradually returned toward resting levels as shown. Arterial blood gases revealed a slight respiratory acidosis after neutral red infusion, which normalized at 1 h of dMCAO.
RESULTS
Physiological variables
Regional glucose utilization
As indicated in Figs. 1 and 2 , several patterns of local glucose metabolism were observed. In the af fected cortex of early-group rats (1.5 h of ischemia), a consistent zone of glucose hypermetabolism (in dicated as zone B in Fig. 1) was present in the dor sal cortex adjacent to the hypometabolic lateral cor tex (A) in every rat. Another hypometabolic area (C) was situated just medially to the hypermetabolic zone at 1.5 h after dMCAO. Elevated glucose me-tabolism was also observed outside the ischemic MCA territory, within zones CA2-3 and CAl of the subjacent hippocampus, in three of five rats at 1.5 h of dMCAO (Fig. 2, upper right) . Neutral red pH images revealed that regions A and B were equally acidotic at 1.5 h of ischemia (Fig. 3) . These acidotic regions were relatively homogeneous compared with the very heterogeneous pattern of local glu cose metabolism in those areas. (Accurate absolute values for intracellular pH could not be reliably de termined, however, owing primarily to calibration related factors.)
Autoradiograms of 14C-methylglucose revealed a homogeneous distribution. The steady-state plasma concentration of 14C-methylglucose was 200 ± 20 nCi/mlplasma (n = 4). The values of 14C-methylglucose activity at both early (1.5 h) and later (3 h) times were similar and hence were com bined. Average values were 56.6 ± 11.2 and 54.4 ± 11.6 nCi/g in «ore and penumbral areas, respec tively, and 57.9 ± 9.4 and 56.5 ± 9.7 nCi/g in the corresponding contralateral regions. Hence, the lumped constant was considered to be unchanged under the conditions of this study.
Values of cortical lCMRgl obtained at the coronal levels of hippocampus and striatum were averaged to yield a single mean value in each rat, for the core and for the penumbra. These are shown in Fig. 4 , and numerical data are presented in Table 2 . In con trol rats, ICMRgl values were 31.8 ± 1.2 and 34.4 ± 3.2 fLmol 100 g-I min -I in core and penumbral ar eas, respectively. At the early (1.5 h) time point following dMCAO, glucose metabolism was de- pressed (15.5 ± 10.8 fLmol 100 g-I min-I ) in the ischemic core, while it was high in the adjacent pen umbral area (69.0 ± 9.7 fLmollOO g-I min-I ). Hy permetabolic zones were, however, often very het erogeneous and contained foci of glucose hypome tabolism (in two of five cases at the coronal level of hippocampus and in three of five cases at the stri-
Computer-generated pH image of coronally sec tioned rat brain (same section as that of Fig. 2, upper atal level). At 3 h dMCAO, glucose metabolism was decreased in both core and penumbral areas (16.7 ± 4.5 and 15.4 ± 2.2 fLmol 100 g-I min-I , respec tively).
Spectrin breakdown products (SBPs)
In control (sham-operated) rats, SBPs were 1.2-2.9% and 2.8-5.3% of total spectrin in contralateral and ipsilateral cortices, respectively (Table 3 ). In the core area, SBPs were already markedly ele vated at 2 h after dMCAO and remained elevated at 3.5 h. In the penumbral area, however, the extent of increase in SBPs was less remarkable. Because re gions I and II (Fig. 1) constituted the ischemic core, the values corresponding to these two regions were averaged to yield a single mean value for SBPs in the ischemic core of each rat. This value was com pared with lCMRgl ( Fig. 4) . In the core region, SBPs increased significantly to 36.4 ± 17.6% and 33.4 ± 17.9% of total spectrin at 2 and 3.5 h after dMCAO, respectively (Fig. 4) . Area III (Fig. 1) cor responded to the penumbral area; in this zone, SBPs increased to 21.6 ± 23.3% and 28.5 ± 15.9% at 2 and 3.5 h after dMCAO, respectively. Repeated-measures ANOV A to assess the effect of ischemia group (control, 2 h, 3.5 h) and of side (right, left) on SBPs revealed a significant overall between-subjects effect for time (p = 0.026) and sig nificant within-subject effects for side (p = 0.0003) and for side plus group (p = 0.04). Within-subject effects for structure failed to reach statistical signif icance, suggesting that SBP elevations tended to affect both core and penumbral zones. The latter was confirmed in a separate analysis in which re gions I and II were averaged (data shown in Fig. 4 ). Repeated-measures analysis of the latter data sets confirmed the lack of a significant within-subject effect for structure (p = 0.32). Thus despite hetero geneous spectrin breakdown in the penumbra, sta tistical analysis suggested a strong trend toward spectrin breakdown in penumbra as well as core.
The relationship between glucose metabolism and cytoskeletal proteolysis is shown in Fig. 5 . In samples from the ischemic core taken at the early and late time points, the extent of spectrin break down was positively correlated to the level of ICMRgi. In penumbral samples, there was no sig nificant correlation between SPBs and ICMRgl (data not shown).
DISCUSSION
In our experience with this thrombotic model of dMCAO, area B of Fig. 1 is not consistently infarct ed, and mild hypothermia appears to attenuate in farction in this zone 11., 1993) . Thus, we considered area B to be penumbral. The results of the present study establish that by 2 h following permanent dMCAO the hypometabolic cortical core-zone of ischemia has already undergone exten sive proteolytic degradation of the cytoskeletal pro tein spectrin. By contrast, the adjacent dorsolateral penumbra, which exhibited early glucose hyperme tabolism, showed on average lower and more vari able levels of spectrin proteolysis, not differing sig nificantly from control. At 3.5 h post-dMCAO, SBP levels remained high in the ischemic core and the penumbral cortex showed glucose hypometabolism indistinguishable from that of the core, together with a persistent though variable degree of spectrin breakdown. In the hypometabolic cortical core re gion, the level of glucose metabolism was positively correlated to the level of spectrin breakdown prod ucts, suggesting that the persistence of low-level glucose metabolism in already damaged tissue may encourage further cytoskeletal breakdown.
Brain spectrin is a tetrameric cytoskeletal protein widely associated with the cytoplasmic surfaces of neuronal plasma membranes, synaptic vesicles, and cytoskeletal elements, where it is thought to form a latticework involved in the maintenance of cell shape and membrane structural stability (Goodman and Zagon, 1986) . Along with other major cytoskel etal proteins, spectrin is a preferred substrate for calpain-a class of calcium-dependent cysteine pro teases widely present in many tissues (Melloni and Pontremoli, 1989; Siman et aI., 1984) and found in neurons and glia near cytoskeletal elements (Perl mutter et aI., 1988 (Perl mutter et aI., , 1990 )-a location possibly re lated to their role in synaptic plasticity. At least two isozymes of calpain are known, which differ mark edly in their calcium requirement. Cal pain I (mu cal pain) is activated at micro molar concentrations of calcium, whereas calpain II requires millimolar concentrations (Melloni and Pontremoli, 1989; Siman et aI., 1984) .
As calpains are ubiquitous and readily activated by increases in intracellular calcium, their partici pation in hypoxic/ischemic and excito-toxic neuro nal injury is not unexpected. Stimulation of rat hip pocampal neurons by kainate or NMDA induces a selective loss of brain spectrin as well as MAP2 via proteolysis (Siman and Noszek, 1988; Siman et al., 1989) . Calpain activation occurs within minutes of exposure of neurons to NMDA (Kent et al., 1991) . Similarly, brief hypoxia in hippocampal slices in- creases proteolytic SBPs, and this can be blocked by calpain inhibitors . Fifteen min utes following a 10 min period of forebrain ischemia in gerbils, SBPs were increased in the hippocampus and became markedly so at 4 days; the NMDA an tagonist MK-801 attenuated spectrin breakdown (Seubert et al. , 1989) . In another study, a to-fold increase in proteolytic SBPs in the hippocampus occurred within 30 min following severe transient ischemia, and this increase could be reduced by 75% by the calpain inhibitor leupeptin, which also prevented hippocampal electrophysiological distur bances and attenuated the death of CA 1 pyramidal neurons . Similarly, the cytoskel etal protein MAP2, another calpain substrate, was shown to decrease following MCA occlusion, and this was partially attenuated by a synthetic calpain inhibitor (lnuzuka et al., 1990) . In MCA occlusion, spectrin breakdown assessed in ipsilateral (nonre gional) samples increased strikingly over the first 3 h and thereafter rose continuously over the first 6-12 h of ischemia (Cavanaugh et al., 1992) . Calpain inhibitors have been reported to improve posthypoxic synaptic recovery in both neocortical (Hiramatsu et al., 1993) and hippocampal (Arling haus et al., 199 1) slices and to protect neurons both in the context of cytotoxic hypoxia in vitro and fol lowing transient global ischemia in vivo (Rami and Krieglstein, 1993) . In recent studies, cell-pene trating calpain inhibitors have been reported to re duce the volume of infarction and to attenuate the increase in SBPs in models of focal ischemia (Bar tus et al., 1994; Hong et al., 1994) . These results suggest that calcium-activated proteolysis is close ly involved in the process of ischemic neuronal damage and may offer a crucial target for achiev ing pharmacological neuroprotection in ischemic stroke.
The above considerations, however, must be tempered by recent observations showing that rapid calpain activation and spectrin degradation may be triggered in certain ischemic brain regions that do not progress to irreversible injury. Saido et al. (1993) demonstrated two phases of spectrin prote olysis in the postischemic gerbil hippocampus: an early phase of immunoreactivity involving the non vulnerable CA3 sector at 15 min and gradually fad ing after 4-24 h and a strong, persistent spectrin proteolysis involving the entire CAl sector at 24 h, persisting up to 7 days. Roberts-Lewis et al. (1994) noted that 1 min of global ischemia in gerbils (which does not produce neuronal degeneration) resulted in a narrow band of spectrin breakdown in the CA2-CA3 border region at 30 min postocclusion, which cleared at 3 days. By contrast, longer insults led to sustained cal pain activation confined primarily to area CAl of hippocampus; silver staining docu mented degeneration corresponding to the intense hippocampal reactivity. As cal pain has been pro posed to be involved in the synaptic changes under lying learning and memory Siman et al., 1987) , it is conceivable that a portion of the spectrin degradation observed after ischemia may signal plasticity-related processes rather than neurodegeneration. Nonetheless, previ ous studies strongly suggest that rapid-onset with persistent spectrin degradation is a marker of re gions destined for postischemic neurodegeneration (Roberts-Lewis et al., 1994; Saido et al., 1993) .
The duration of MCA occlusion needed to pro duce irreversible injury has been the subject of many studies in rats (Kaplan et al., 199 1; Selman et al., 1990), cats (Heiss and Rosner, 1983) , and pri mates (Jones et al., 198 1) , which support the views that the extent of irreversible injury increases over the first 3-4 h of focal ischemia and that the volume of ischemic injury resulting from a 3 h period of MCA occlusion is virtually indistinguishable from that produced by permanent MCA occlusion. The results of the present study support this view by showing that massive spectrin breakdown-a puta tive marker of irreversible proteolysis of the neuro nal cytoskeletal-is already well established by 2 h following MCA occlusion in the hypometabolic core zone of the ischemic necortex. In the adjacent penumbral region, in which lCMRgl is initially ele vated, cytoskeletal proteolysis is evident but more variable; this trend is also seen at 3.5 h, when the penumbra has reverted to hypometabolism compa rable to that of the ischemic core.
In this study, the DG method was first applied at 1.25 h following MCA occlusion, corresponding to 15 min following release of the contralateral com mon carotid artery ligature. 14C-methylglucose studies at this time point and at 3 h revealed a ho mogeneous brain glucose space equal to that of the contralateral, nonischemic cortex. Thus, it is likely that the lCMRgl values computed in the core and penumbral areas at these time points are reliable estimates of glucose utilization.
The finding of glucose hypermetabolism in the penumbral cortex at 1.5 h following MCA occlusion is consistent with earlier studies in cats (Ginsberg et aI., 1977) and in rats (Nedergaard et aI., 1986) , in which a broad cortical zone of increased DG accu mulation was observed, which began to disappear by 6 h. Relevantly, the lumped constant of the DG model was near normal in the affected regions (N e dergaard et aI., 1986, 1988) . In double-label studies of lCMRgl and lCBF, increased DG uptake oc curred in zones in which CBF had fallen to below approximately 40% of control (Ginsberg, 1989; Ginsberg et aI., 1977) . These foci of increased DG uptake showed moderate anerobic perturbations of brain high-energy phosphates (Welsh et aI., 1980) . At 4 h following 1 h MCA occlusion in cats, foci of elevated lCMRgl were present in zones having lCBF at least 40% of control (Tanaka et aI., 1985) ; those areas showed mild histologic changes, and lCBF during the antecedent ischemic period had al most always been below 50% of control.
In permanent MCA occlusion in rats, Shiraishi et al. (1989) described increased DG uptake in lateral caudoputamen and neocortex when the study was commenced at 5-60 min postocclusion. These find ings were diminished at 2-72 h, when the extent of histopathological infarction corresponded to the zones of severely diminished DG accumulation noted at 4 h or beyond (Shiraishi et aI., 1989) .
The mechanism and significance of increased glu cose utilization in the early ischemic penumbra re main the subject of intense interest. Nedergaard (1988) and Nedergaard and Astrup (1986) first de scribed spreading depression-like deflections of the cortical direct current (DC) potential in the infarct rim following permanent MCA occlusion in rats. These ischemic depolarizations differ from KCl induced spreading depression (SD) in normal ani mals in that the former may be much longer in du ration, are associated with mild decreases in tissue p0 2 ' and occur without the CBF increases seen with normal SDs (Back et aI., 1994) . Nedergaard and Astrup (1986) correlated early transient periin farct depolarizations with increased DG accumula tion, showing that hyperglycemia abolished both the depolarizations and the increased DG accumu lation following MCA occlusion. These results, taken together, suggest that the penumbral cortex is subjected to repeated metabolic stress by recurrent fluctuations of extracellular K + and CA 2 + under conditions of restricted perfusion and insufficient oxygen/glucose provision. Takeda et al. (1993) have shown that regions adjacent to an ischemic core, Vol, 15, No.3, 1995 when sampled for metabolites. during recurrent de polarizations, show reduced levels of A TP, phos phocreatine, and glucose, which may recover be tween depolarizations or evolve to severely de pleted levels once terminal anoxic depolarization supervenes.
The role of excitatory amino acids in these events is highly likely on the basis of several lines of evi dence. Glutamate, aspartate, and other neurotrans mitters are massively released into both the caudo putamen and neocortex following MCA occlusion (Butcher et aI., 1990; Hillered et aI., 1989; Lo et aI., 1993; Takagi et aI., 1993) and may elicit increased glucose utilization by promoting cell depolarization and stimulating glutamate uptake by astrocytes (Shiraishi et aI., 1989) . The NMDA antagonist MK-80 1, which is capable of blocking SD in normal an imals (Marrannes et aI., 1988) , also greatly reduces the number of ischemic depolarizations seen in the periinfarct cortex following permanent MCA occlu sion (Gill et aI., 1992; Iijima et aI., 1992) and atten uates the decreases in extracellular Ca 2 + accompa nying these depolarizations (Gill et aI., 1992) . The competitive NMDA antagonist CGS-19755, in per manent MCA occlusion, both reduces infarct vol ume by 50% or more and attenuates ischemia induced glucose hypermetabolism (Simon and Shiraishi, 1990) .
That excitotoxicity is not the sole factor mediat ing injury in focal ischemia, however, comes from our prior observations in this dMCAO model that MK-801 (1 mg/kg dose), while diminishing numbers of neurons with selective ischemic injury in the periinfarct zone, failed to reduce the volume of complete infarction (Yao et aI., 1993 (Yao et aI., , 1994 . A par tial explanation for this may be that the ischemic core and penumbral zones in this study appear to be equally acidotic (Fig. 3) . Mild acidosis has been shown to block NMDA receptors (Giffard et aI., 1990; Tombaugh and Sapolsky, 1990) and thus might mask the beneficial effects of MK-801. The capacity for substantial protection of the ischemic penumbra in our dMCAO model is attested by our prior demonstration of a one-third reduction in in farct size in this model with mild intraischemic hy pothermia (Yao et aI., 1993 ).
An area with abnormal glucose metabolism out side the ischemic MCA territory (C in Fig. 1 ) was observed just medial to the hypermetabolic penum bral area. This hypometabolic area, which existed outside the acidotic area (Figs. 2, 3) , might be caused by local diaschisis. In the hippocampus, in creased glucose utilization was seen in occasional rats. A similar pattern of increased glucose utiliza tion has been observed in the hippocampus of a gerbil model of focal ischemia (Miyashita et al., 199 1) and in traumatic cortical injury in the rat (Yoshino et al. , 1992) . In the latter study, a lesion of area CA3 of hippocampus prevented abnormal postconcussive glucose metabolism in area CAL We assume, therefore, that this type of apparent hippocampal hypermetabolism outside the ischemic focus may be due to activation via neural pathways from cerebral cortex to hippocampus.
To summarize, we have shown that proteolysis of the neuronal cytoskeleton is well established in the hypometabolic ischemic core by 1.5-2 h of distal MCA occlusion. The adjacent penumbra is initially hypermetabolic but undergoes metabolic deteriora tion by 3 h and is the site of evident though variable proteolysis. Our results offer strong support for the views that the therapeutic window for tissue sal vage in stroke may begin to close by 2-4 h (Gins berg, 1994) and that this period represents the upper limit of the optimal time for the initiation of neuro protective therapy.
